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Far infrared ͑FIR͒/terahertz radiation detection has been demonstrated in compact semiconductor heterostructure devices such as the quantum cascade detector ͑QCD͒, 1 the heterojunction interfacial work function internal photoemission ͑HEIWIP͒ detector, 2,3 and the quantum well infrared photodetector ͑QWIP͒. 4 These devices exploit intersubband absorption ͑QCD and QWIP͒, or bulk intraband free carrier absorption ͑HEIWIP͒. In this work, we present a theoretical analysis on the possibility of using intrasubband absorption in quantum wells for FIR/terahertz detection, and propose the quantum well intrasubband photodetector ͑QWISP͒ device concept based on this mechanism.
We introduce the QWISP by comparing it with a QWIP; both devices are illustrated in Fig. 1 . The FIR/terahertz QWIP has a wide quantum well for the small intersubband transition energy, and a low barrier to keep the upper state in resonance with the top of the barrier in accordance with the bound-to-quasibound QWIP design rule. 5 Because the ground-state energy is very close to the top of the barrier, to limit dark current, FIR/terahertz QWIPs require low doping, which leads to low quantum efficiency. 4 The QWISP addresses this problem by using the intrasubband absorption mechanism instead. In a study of discrete dopant effects in long-wavelength infrared ͑LWIR͒ QWIP, we found that dopant impurity scattering could induce large normal-incidence FIR absorption. 6 However, this effect cannot be exploited in LWIR QWIPs because the electrons photoexcited via intrasubband transitions do not have sufficient energy to escape from the well to contribute to photocurrent. The QWISP, illustrated in Fig. 1͑b͒ , can be viewed as a modified LWIR QWIP where the barrier has been lowered to allow the electrons photoexcited by FIR/terahertz radiation through intrasubband absorption to escape into the continuum and carry current. The intrasubband absorption process does not conserve momentum ͑or k ʈ ͒. Moreover, the excited carrier extraction process also requires momentum change. Suppose an electron is photoexcited from the Fermi sea to a state with energy E 1 ͑k ʈ ͒ above the barrier, as illustrated in Fig. 1͑b͒ . Due to energy dispersion in the barrier itself, the excited electron would still see a tunneling barrier of ͓E b ͑k ʈ ͒ − E 1 ͑k ʈ ͔͒ that hampers it from escaping without further scattering. We will show that elastic scattering by dopants in the quantum well can provide the momentum scattering necessary for both intrasubband absorption and photoexcited carrier escape. In our calculations, we take the view that k ʈ is no longer a good quantum number under the influence of the random dopant potential, and the quantum well states are spread out in k space. It is this k-space smearing that enables intrasubband absorption and excited carrier extraction. Consider, for example, an intrasubband transition where the upper state energy is slightly above the barrier band edge. Loosely speaking, k-space smearing means that this upper state effectively sees a range of barrier heights E b ͑k ʈ ͒ corresponding to the span of different k ʈ 's. The taller barriers serve to confine the state in the well ͑necessary for good oscillator strength͒, and the lower barriers ͓with E b ͑k ʈ ͒ Ͻ E͔ allow for escape into the barrier for photocarrier extraction. Note that the dopant potential determines the degree of k-space smearing ͑⌬k ʈ ͒ and hence the energy scale ͑⌬E͒ involved; they in turn control the QWISP characteristics.
Strong intrasubband absorption requires high doping levels, which can be used without significant dark current penalties so long as the activation energy 1͒ is sufficiently large. In modeling the QWISP with high dopant densities, for which multiple scattering is important and perturbation theory may be inadequate, we use a three-dimensional ͑3D͒ supercell approach that is analogous to the rigorous coupled wave analysis method 7 for treating optical waves in complex geometries. The system is described by a one-band effective mass equation with an anisotropic energy-dependent effective mass used to model the nonparabolic conduction band dispersion of the ⌫ valley. Under high doping conditions, the impurity states can merge with the conduction subband, and it is important to include exchange-correlation effect induced band gap renormalization, 8 which, along with band nonparabolicity, can cause Fermi level lowering that is substantial relative to the wavelengths of interest. Band structure effects on optical matrix elements are included perturbatively using a 14-band k · p method based formulation. 9 The effects of discrete dopant impurities are incorporated as screened Coulomb potentials, similar to the technique used in Ref. 10 . It is important to describe the continuum states just above the barriers in the QWISP. We model this by computing the quasicontinuum states in an extended barrier region surrounded by a slightly taller artificial barrier. More details on the method are described elsewhere. 6 Once we obtain the energy levels and wave functions, properties such as absorption coefficient and responsivity can be computed via standard methods, 11, 12 appropriately adapted for the supercell geometry.
Simulation parameters for the FIR/terahertz QWIPs and QWISPs with GaAs wells and AlGaAs barriers are listed in Table I . The QWIP structures, including well width ͑L W ͒, barrier width ͑L B ͒, barrier composition ͑Al%͒, and well doping density ͑n D ͒ are taken from the literature. 4 The QWISPs have identical well widths and doping densities, but different barriers. The correspondingly numbered QWIP and QWISP devices have approximately the same barrier widths and activation energies ͑E a ͒ to keep their tunneling and thermal emissive dark currents on par. The QWIP results are obtained using a simple one-dimensional calculation, since impurity scattering effects on optical properties are not significant at low doping densities. For the QWISPs, we use 600 Å lateral periodicity supercells containing 90 random impurities to simulate random dopant potential effects. In all cases, the doping densities are sufficiently high so that the impurity band ͑not shown in Fig. 1͒ merges with the first conduction subband of the quantum well. 13 We caution that because of small energy scales involved and the uncertainties in the simulation, the parameters in Table I should be considered as approximate guides rather than precise designs. Figure 2 shows the computed absorption coefficients for the quantum well regions. The QWIP absorption coefficients are from intersubband transitions, induced by side-incidence light polarized along the growth direction ͑z͒. P1, P2, and P3 have absorption peaks at 34, 57, and 109 m, respectively. The intersubband oscillator strengths for the three QWIP structures are approximately equal. The difference in absorption strengths mainly reflects the fact that lower doping is required in longer wavelength QWIPs to limit the dark current. The QWISP z-polarized absorptions are due to boundto-continuum intersubband transitions ͑n =1 to n =2͒, and appear as broad peaks around 10.0 m. Of primary interests are the impurity-assisted QWISP intrasubband transitions, for which oscillator strengths are concentrated and enhanced by quantum confinement into the components associated with x-y polarized radiation, resulting in strong normalincidence absorption. The normal-incidence absorption spectra for S1, S2, and S3 are similar, with a broad, strong absorption peak centered at 150 m and dropping off to half height at ϳ55 and ϳ470 m on the two sides. The peak position suggests that the dopant potential favors scattering events with small ⌬k ʈ ; therefore the impurity scattering induced intrasubband transitions involve mostly states near the Fermi surface, with ⌬E in the FIR. These results are in general agreement with theoretical results obtained for ␦-doped quantum wells.
14 Table I shows the capture lifetimes ͑ life ͒ and relaxation times ͑ relax ; intersubband for QWIP, intrasubband for QWISP͒ used for responsivity modeling, chosen based on experimental results. [15] [16] [17] Longer capture times are used for the QWIPs to account for the lower doping. Compared to the Table I . The QWIP ͑set P͒ results are for side-incidence ͑z-polarized͒ radiation only. The QWISP ͑set S͒ results for both normalincidence ͑averaged over x and y polarizations͒ and side-incidence ͑z͒ radiations are shown.
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QWIP, tunneling escape lifetimes are much longer for the QWISP due the presence of the tunneling barrier ͓E b ͑k ʈ ͒ − E 1 ͑k ʈ ͔͒ mentioned earlier. For instance, the typical zero-bias tunneling escape times for QWISP states just above the barrier is estimated from transmission resonance width calculations to be ϳ5 ps, while the escape time for the QWIP is estimated from impact frequency and barrier transparency to be ϳ5 fs. 12 Because of the small transition energies ͑below LO phonon energy͒ and low operating temperatures, long relaxation times are expected since acoustic phonon emission is the primary energy relaxation mechanism. For the QWISP we used a 50 ps intrasubband relaxation time, based on the measured low-temperature ͑Ͻ35 K͒ intrasubband electron cooling times in quantum wells. 15, 17 Note that since the intrasubband relaxation times is considerably shorter at higher temperature ͑ϳ100 fs͒, the QWISP is limited to low-temperature operation. Smaller applied electric fields ͑F͒ are used for structures with lower activation energies to limit dark current. 4 Figure 3 shows the computed responsivities. The side-incidence QWIP responsivity peaks are found at the same positions as the absorptions peaks. The QWISP side-incidence FIR response is negligible, and is not shown. The QWISP normal-incidence responsivity peak positions are determined by the activation energies ͑see Table I͒. Figure 3 shows the complementary nature of the QWIP and the QWISP. Due to the limited range of impurity scattering in k-space ͑⌬k ʈ ͒, the QWISP is ineffective in the LWIR where the QWIP performs well. But the QWISP has strong ͑normal incidence͒ response in the FIR where QWIP shows diminished performance due to lower doping.
It is also interesting to compare the QWISP concept with the n-type HEIWIP, which has recently demonstrated excellent FIR performance. 3 In contrast to the QWIP and the QCD, both the QWISP and the HEIWIP are normalincidence detectors. The HEIWIP uses 3D intraband absorption, which has equal oscillator strengths for normal-and side-incident radiation. The QWISP uses two-dimensional ͑2D͒ intrasubband absorption, which has enhanced normal incidence but negligible side-incidence FIR oscillator strengths. Excited carrier extraction in HEIWIP is 3D to 3D through the escape cone; 18 in QWISP it is 2D to 3D, and is enabled by dopant impurity scattering. The HEIWIP has essentially unity gain, while the QWISP uses a multi-quantumwell structure, and therefore has subunity gain like the QWIP. There is considerable flexibility in the QWISP design, where the same activation energy can be obtained through different combinations of well widths, barrier height, and doping levels. The QWISP does not require the use of low barriers ͑e.g., AlGaAs with very low Al fraction͒, and in general, higher doping density results in increased response. Note that quantum wells with different doping levels or well widths could be integrated into the same device to tailor the response spectrum. Finally, we note that the QWISP can be built upon existing mature QWIP technology, and provides a possible pathway to large-format far-IR focal-plane arrays.
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